Background--Troponin elevation occurs commonly in the setting of transcatheter aortic valve replacement (TAVR). There is a lack of information on the extent of troponin elevation post TAVR that is prognostically significant. We assessed the optimal cutoff for post-TAVR troponin T elevation that correlates with long-term mortality. We also examined the relationship between coronary artery disease (CAD) and prognostically significant myocardial injury in TAVR.
T ranscatheter aortic valve replacement (TAVR) is a wellestablished intervention for inoperable and selected highrisk surgical patients with severe aortic stenosis. 1, 2 Recent studies have demonstrated that it may also be an alternative treatment for intermediate surgical risk patients with severe aortic stenosis, though long-term outcomes of TAVR compared with surgical valve replacement in this population remain under scrutiny. 3, 4 Perioperative myocardial infarction occurs in 0% to 15% of patients undergoing TAVR and has been linked with poor clinical outcomes. [5] [6] [7] [8] [9] [10] The VARC-2 (Valve Academic
Research Consortium) consensus document defines myocardial infarction in patients undergoing TAVR as new ischemic symptoms or signs occurring within 72 hours of TAVR with rise in cardiac biomarkers (>159 upper limit of normal [ULN] elevation in troponin or >59 ULN increase in creatine kinase MB fraction). 11 Myocardial infarction occurring in the setting of TAVR has been clearly linked with worse short-and long-term mortality. 12 However, multiple studies have shown that cardiac biomarker release alone (creatine kinase MB fraction or troponin elevation) in the absence of any additional signs or symptoms of cardiac ischemia on ECG, cardiac imaging, or coronary angiography (representing myocardial injury rather than infarction) also correlates with increased mortality post TAVR. 7, 8, 10, 13 For instance, creatine kinase MB fraction elevation >29 ULN has previously been reported to correlate with poor clinical outcomes. 7 Although previous studies have similarly shown that isolated troponin elevation by itself is related to poor clinical outcomes in the setting of TAVR, no specific cutoff /threshold of TnT elevation that correlates with poor clinical outcomes has been proposed. Paradis et al showed that cardiac biomarker elevation, lower than what would be considered diagnostic of MI, was associated with increased mortality, especially in patients undergoing transfemoral TAVR. 8 Prior studies have demonstrated that cardiac biomarker elevation is poorly predictive of long-term outcomes in patients undergoing transapical TAVR, possibly because of additional nonischemic injury to the myocardium from surgical manipulation. 8, 9 Hence, the prognostic significance of biomarker elevation has been more reliably investigated and established in patients other that those undergoing transapical TAVR. Many studies have scrutinized the link between severity of coronary disease, left main disease, or the extent of unrevascularized coronary disease and long-term mortality post TAVR. The results have been conflicting. 14 However, a recent meta-analysis exploring the impact of coronary artery disease on long-term mortality in TAVR concluded that patients with coronary artery disease have an increased risk of 1-year mortality. 14 None of the studies, however, have explored the potential mechanism underlying the increase in mortality in patients with coronary artery disease. We postulated that the deleterious effect of the severity/extent of coronary artery disease, presence of significant left main stem disease, or presence of unrevascularized coronary artery disease on long-term mortality in TAVR patients must be secondary to increased risk of prognostically significant perioperative myocardial injury.
To investigate this hypothesis, we carried out a retrospective registry-based observational analysis to examine (1) to what extent/cutoff of cardiac troponin T (TnT) elevation, if any, is best able to predict long-term mortality post TAVR, thereby representing prognostically significant myocardial injury in this setting; and (2) to assess the impact of the extent of coronary artery disease, presence of left main stem (LMS) disease, and the presence /extent of unrevascularized coronary disease (expressed as Duke myocardial jeopardy score) on mortality. In addition, the study investigated whether the effect of coronary artery disease on mortality in the setting of TAVR was because of increased risk of prognostically significant myocardial injury. 15, 16 This is a particularly important question to address, since revascularization of severe/critical coronary lesions, including severe LMS disease, is commonly done with a view to reduce risk of TAVR-associated myocardial injury/ infarction and improve clinical outcomes, without sufficient evidence to support this practice.
Methods
The study was approved by the Institutional Review Board, informed consent was waived, data were de-identified, and the study complied with institutional guidelines for ethical research. The data that support the findings of this study are available from the corresponding author upon reasonable request. We retrospectively analyzed data from the Cleveland Clinic TAVR registry. We included all 510 patients who underwent TAVR at Cleveland Clinic between 2010 and 2015 for whom data for postoperative TnT levels were available. Mortality data were obtained via death recorded on Cleveland Clinic electronic health records for patients and the Social Security Death Index. Significant coronary artery disease was defined as presence of >50% stenosis of the LMS coronary artery or in any pre-existing coronary artery bypass grafts (treated or untreated). In the remainder of coronary arteries, significant stenosis was described as >70% narrowing of the respective coronary artery. Duke myocardial jeopardy score was calculated to measure the extent of unrevascularized coronary disease present before TAVR. 15, 16 TnT was measured using troponin T STAT assay (fourth generation, Ref 04660307, Roche, ULN 0.03 ng/mL) at 6-hourly intervals in the first 48 hours of TAVR (the values were normalized to either the ULN for the assay or the pre-TAVR value with 24 hours of TAVR where available). The highest value in the first 48 hours was used in the analysis.
Clinical Perspective
What Is New?
• Troponin T elevation of ≥39 upper limit of normal is associated with increased long-term mortality after transcatheter aortic valve replacement, except for the transapical approach, thereby representing the threshold of myocardial injury in the setting of transcatheter aortic valve replacement that is prognostically significant.
• Prognostically significant myocardial injury was noted to be independent of the severity of coronary artery disease, presence/extent of unrevascularized coronary artery disease, or significant left main disease in this study.
What Are the Clinical Implications?
• Clinically, the study suggests that prompt recognition and aggressive management of post transcatheter aortic valve replacement complications may have a bigger impact on reducing the incidence of prognostically significant myocardial injury in the setting of transcatheter aortic valve replacement, rather than the completeness of revascularization, though this needs further scrutiny in randomized controlled clinical trials.
A receiver operating characteristic analytic tool was used to test various cutoffs (≥19, ≥39, ≥59, ≥109, ≥159, and ≥209 ULN) for the extent of troponin elevation recorded post TAVR to identify the best cutoff that correlated with long-term mortality following TAVR. The Delong test was used to compare the receiver operating characteristic curves in this part of the analysis. 17 All statistical computation was implemented using an R software package, Version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria). All continuous variables are expressed as meanAESD unless specified. Various levels of TnT elevation (≥19, ≥39, ≥59, ≥109, ≥159, and ≥209 ULN) were also assessed in a univariate analysis with log-rank testing. We used a multivariable weighted Cox regression model 18 to assess whether the most optimal TnT elevation cutoff identified by receiver operating characteristic and univariate analysis was still an independent predictor of increased mortality post TAVR after adjusting for other clinical comorbidities. The traditional Cox regression model relies on the proportional hazards assumption. However, this assumption can be violated in practice and because of that, the coefficients may be over-or underestimated. Weighted Cox regression model is an alternative that supplies wellinterpretable average effects in case of nonproportional hazards. This part of the analysis was performed in 2 steps: in the first step, the model was developed based on all clinical variables of interest based on prior studies and the current hypothesis. Then the final model was developed only keeping the variables that were statistically significant at the 5% level of significance from the full model. This was particularly done to avoid potential bias in estimation, given the total number of events and the variables being considered in the study. Some of the categorical variables had multiple levels, with very few patients in their subgroups. To improve the model, we combined some of the groups within 2 of the variables of interest to reduce the number of variable levels in the final analysis. For instance, type of TAVR had 6 levels to start with. Three of the groups (transsubclavian, transcarotid, and transcaval TAVR) were combined with transaortic TAVR and analyzed together as other TAVR modalities. Similarly, severity of chronic lung disease, initially categorized into 4 categories based on forced expiratory volume in 1 second (FEV1) as: no chronic lung disease (FEV1 >75% of predicted), mild (FEV1 60%-75% of predicted), moderate (FEV1 50%-59% of predicted), and severe chronic lung disease (FEV1 <50% predicted) was analyzed at 2 levels: no/mild chronic lung disease versus moderate/severe lung disease. Finally, binary multivariable logistic regression analysis was used to study the determinants of prognostically significant myocardial injury, in particular to assess the relationship between perioperative myocardial injury and the severity of coronary artery disease, the presence of LMS disease, as well as the presence/severity of unrevascularized coronary disease. Following the same logic as mentioned in the case of the Cox model (to avoid potential bias in estimation), we had followed a similar 2-stage procedure. Only statistically significant variables from the full model, at the 5% level of significance, were retained to produce the final multivariable logistic model. For any hypothesis testing of interest, a P<5% was considered significant.
Results
In total, 747 patients underwent TAVR between 2010 and 2015 at Cleveland Clinic, for whom data on postoperative TnT levels were available for 510 patients. The mean follow-up interval for the study population was 2.6AE1.3 years. Overall mortality in patients post TAVR over this follow-up period was 26.6%. There was no statistically significant difference in mortality between patients who had TnT measured post TAVR versus those who did not (20.6% versus 29.4%, P=0.3). Of the 510 patients included in the final analysis, 28% underwent transapical TAVR, 57.6% transfemoral TAVR, and 13.1% transaortic TAVR.
TnT ≥39 ULN was the best predictor of long-term mortality using receiver operating characteristic analysis with area under the curve of 0.56 (95% CI 0.52-0.59) ( Figure 1A ), when used as a solitary variable. Since TnT elevation in transapical TAVR is known to correlate poorly with clinical outcomes, we repeated the analysis excluding transapical-TAVR patients. Interestingly, ≥39 ULN TnT remained the best predictor of mortality even with transapical-TAVR patients excluded, with a similar area under the curve of 0.57, though with a slightly broader CI possibly because of fewer patients in the analysis (95% CI: 0.51-0.61) ( Figure 1B) . Table 1 provides a summary of the characteristics of the study population, divided into those with ≥39 elevation in TnT versus those with <39 ULN TnT elevation post TAVR, based on the cutoff identified that best represented prognostically significant myocardial injury. As expected, troponin elevation was significantly higher in patients with transapical TAVR (%3 times as much) compared with transfemoral TAVR or transaortic TAVR (mean value 0.56AE0.55 ng/mL versus 0.19AE0.45 ng/mL versus 0.20AE0.16 ng/mL, P<0.001) (Figure 2 ).
TnT elevation ≥159 ULN, meeting VARC-2 definition of myocardial infarction, was noted in 102/510 patients (20% of cases). This TnT elevation was present in 98.6% (71/72) of transapical-TAVR patients, 7.7 % (21/273) of transfemoral-TAVR, and 15.5% (9/58) of transaortic-TAVR patients. Moreover, TnT≥39 ULN was noted in 73.7% (376/510) of all patients. There were 97.9% (140/143) patients with transapical-TAVR, 60.8% (179/294) of patients with transfemoral-TAVR, and 76.1% (51/ 67) of patients with transaortic TAVR. Pre-TAVR TnT was measured in 98 patients and noted to be elevated >19 ULN in 58/98 (59.1%) patients.
In univariate analysis, using log-rank test, TnT≥39 ULN was the most significantly associated with long-term mortality for the whole group, regardless of the TAVR modality (P=0.003) and when patients with transapical-TAVR were excluded (P=0.007) ( Figure 3A and 3B) . In comparison, in univariate survival analysis TnT≥159 ULN was not significantly associated with long-term mortality for the study population as a whole, even when transapical-TAVR patients were excluded (P=0.09). Also, in the multivariate analysis, TnT≥39 ULN elevation remained an independent predictor of long-term mortality post TAVR (hazard ratio 1.57, CI 1.04-2.38, P=0.03) (Tables 2 and 3 ). Other clinical factors that correlated with increased mortality were age, severity of lung disease, presence of unrevascularized coronary disease, presence of LMS disease, and the presence of immediate post-TAVR complications (composite of bleeding/valve dysfunction/stroke/prolonged ventilation/dialysis need/limb ischemia /need for permanent pacemaker-implantable cardioverter defibrillator /cardiac arrest/ multisystem failure) ( Tables 2 and 3) .
Unrevascularized coronary disease was noted in 27.5% of the patients (distribution of unrevascularized disease was as follows: left anterior descending 14.19%, diagonal 16.04%, left circumflex 16.35%, obtuse marginal 18.8%, and right coronary artery 34.56%) (Figure 4 ). The most common reasons for unrevascularized coronary disease included the presence of chronic total occlusion in the native or graft vessels (49.7%), diffuse coronary disease or complex coronary anatomy not suitable for percutaneous coronary intervention (PCI) (24.6%), presence of collaterals or the coronary vessel supplied to a small coronary territory (20.6%), negative stress test (1.5%), absence of any clinical symptoms (1%), and failed PCI (2.5%) ( Figure 5 ).
Interestingly, while unrevascularized coronary disease and LMS disease were both associated with an increase in longterm mortality post-TAVR, in binary logistic regression analysis (Tables 4 and 5 ), neither correlated with prognostically significant troponin elevation (even after adjusting for the type of TAVR). Rather, other factors such as post TAVR complications (composite of bleeding/valve dysfunction/stroke/prolonged ventilation/dialysis need/limb ischemia /postoperative permanent pacemaker-implantable cardioverter defibrillator need/cardiac arrest/multisystem failure), a prior history of coronary artery bypass graft/PCI/myocardial infarction, female sex, and lower body mass index were significantly associated with increased odds of prognostically relevant myocardial injury (Tables 4 and 5 ). Interestingly, patients with left ventricular ejection fraction ≤40% had lower odds of prognostically significant myocardial injury than those with left ventricular ejection fraction >40% (Tables 4 and 5) . Furthermore, transfemoral and other TAVR modalities had significantly reduced odds of prognostically significant myocardial injury compared with transapical TAVR, as expected.
Discussion
One of the main findings from the study was that ≥39 ULN was the cutoff for TnT elevation that was most predictive of increased long-term mortality following TAVR, particularly where transapical-TAVR patients were excluded from analysis (Tables 2 and 3 ; Figures 1 and 3) . In our study, transapical-TAVR was associated with significantly higher mean increase in TnT compared with transfemoral TAVR and transaortic-TAVR, similar to prior studies ( Figure 2) . No specific level of TnT elevation could be identified that correlated with increased mortality in transapical TAVR, when analyzed separately. That may be in part because of a small sample size and fewer events. We verified that ≥39 ULN TnT VARC-2 criteria as >159 ULN rise in troponin post TAVR in the presence of additional evidence of myocardial ischemia. Our study was specifically focused at identifying the threshold for prognostically significant myocardial injury in TAVR patients and did not seek to investigate the best troponin cutoff for defining acute myocardial infarction in these patients.
Prior studies have examined the relationship between coronary artery disease and mortality post TAVR. 5, 12, 14, [22] [23] [24] [25] In particular, more complex coronary disease has been linked with increased mortality post TAVR. However, the mechanism underlying this relationship remains unknown. Our study shows that the presence of LMS disease and unrevascularized coronary disease are both associated with increased risk of long-term mortality (Tables 2 and 3 ). However, neither the Duke myocardial jeopardy score, nor the severity of coronary disease (defined in terms of 0 versus 1 versus 2 versus 3 vessel disease) was associated with increased mortality (Table 2) . Also, none of the measures of severity/extent of coronary disease, presence of LMS disease, and/or presence/extent of unrevascularized coronary disease contributed to prognostically significant myocardial injury (Table 4 ). This was true even when transapical-TAVR patients were removed from the analysis. Instead, post-TAVR complications and prior history of coronary artery bypass graft/myocardial infarction/ PCI (probably suggestive of a higher-risk patient phenotype) were more important determinants of prognostically significant myocardial injury (prior history of coronary artery bypass graft/myocardial infarction/PCI may be indicative of higher- risk patient profile) (Tables 4 and 5 ). Thus, there was no direct relationship between coronary disease and prognostically significant myocardial injury in TAVR in our study. We speculate that the presence of LMS disease and unrevascularized coronary disease may be markers of more diffuse vascular disease/higher-risk patient profile, which may be the cause of the increased long-term all-cause mortality in these patients, rather than periprocedural myocardial injury. That may also be the reason why some studies have shown a link between more complex coronary disease and mortality. Indirectly, the above findings do not support the need for routine complete revascularization strategy before TAVR. While TnT≥39 ULN was clearly linked with increased mortality post TAVR in our study, its clinical implications and utility are less certain. For instance, though TnT elevation ≥39 ULN was the best cutoff to predict long-term mortality, overall the area under the curve for this cutoff was still fairly close to the chance performance diagonal line ( Figure 1A and 1B) . Furthermore, this level of TnT elevation was present in as many as 60.8% of transfemoral-TAVR patients, thus being a common occurrence in the setting of TAVR. Also, we found that prognostically significant myocardial injury post TAVR was not associated with severe coronary disease/LMS disease or unrevascularized coronary disease in our study; hence, it is less likely to be representative of periprocedural coronary ischemia. This indicates that overall by itself, TnT elevation may be a poor predictor of long-term outcomes in the setting of TAVR, and its clinical/prognostic utility may be limited. Likewise, it is unclear how the risk of prognostically significant myocardial injury may be reduced. More studies are needed to better understand the mechanism underlying TnT release in the setting of TAVR. However, in our study, a composite of major and minor post TAVR adverse events (including bleeding/valve dysfunction/stroke/prolonged ventilation/dialysis need/limb ischemia/postoperative permanent pacemaker-implantable cardioverter defibrillator need/ cardiac arrest/multisystem failure) was a very significant determinant of both prognostically significant TnT elevation and mortality. Considering the strong association of post-TAVR complications with both significant myocardial injury and with worse long-term mortality, it can be hypothesized that recognizing any complications early and minimizing hemodynamic instability in the setting of TAVR may potentially reduce incidence/severity of myocardial injury and improve mortality.
Study Strengths and Limitations
The strengths of the study include a large sample size (n=510 patients) and a long follow-up. However, our study had some obvious limitations, the most important being the observational nature of the study. Even though we adjusted for a variety of variables in the multivariate model, there is always the possibility that unknown confounders may have affected the overall results. The study included patients who had TnT measures perioperatively among all patients who had TAVR in this time frame. While the mortality in the patients who had TnT measured versus those who did not was not significantly different, the possibility of any selection bias cannot be eliminated. Our study could not identify any single cutoff of TnT elevation in the case of transapical-TAVR that correlated with clinical outcomes, though this analysis was limited by a smaller number of patients/events when transapical-TAVR patients were examined separately. Hence the specific level of TnT elevation that is prognostically significant, if any, for transapical-TAVR remains to be determined. Furthermore, considering the overall low area under the curve for TnT elevation as a predictor of long-term (all cause) mortality, its clinically utility in the setting of TAVR may be limited, as discussed above. Because of the small number of patients in our study with TnT measured at baseline, we did not specifically assess whether long-term mortality was influenced by pre-TAVR TnT elevation. Though pre-TAVR TnT elevation has been linked with poor outcomes in other studies, 12 further studies are needed to clarify the exact clinical significance and implications of elevated TnT pre-TAVR. Finally, our study has utilized allcause mortality as the end point; however, using cardiovascular death as an end point in future studies may provide more insight and it is possible that prognostically significant myocardial injury, as defined by our study, may be able to better predict cardiovascular mortality compared with all-cause mortality. It is important to recognize that the TnT threshold for prognostically significant myocardial injury in our study is specific to the TnT assay (troponin T STAT assay fourth generation) used in the study and may be different with other troponin assays currently available commercially.
Conclusion
Troponin elevation ≥39 ULN appears to be the best predictor of long-term mortality among various cutoffs of TnT elevation post TAVR that were assessed (including ≥19, ≥39, ≥59, ≥109, ≥159, and ≥209 ULN elevation), and appears to be the best representative of prognostically significant myocardial injury (defined in this instance purely in terms of elevation in TnT above the ULN), other than in patients with transapical-TAVR. A cutoff for prognostically significant TnT elevation in transapical-TAVR, if any, remains to be determined. The presence of LMS disease and the presence of unrevascularized disease were both associated with increased mortality in our study, but this was not secondary to increased risk of prognostically significant myocardial injury. Overall, though, our study established the cutoff of TnT elevation that significantly correlates with increased long-term mortality post TAVR. The clinical and prognostic utility of TnT alone in TAVR appears to be limited and is at best a marker of other clinical factors linked to mortality in TAVR such as post-TAVR complications and/or a higher-risk phenotype. It is unclear how the risk of prognostically significant myocardial injury can be modified or how prognostically significant myocardial injury in the setting of TAVR should be managed; however, considering the highly significant association between post TAVR complications with both significant myocardial injury and long-term mortality, it can be postulated that prompt recognition and management of any complications will be beneficial.
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